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Cystic Fibrosis and Minireview
the Salt Controversy
To test this hypothesis, Boucher and colleagues cul-
tured epithelial cells from freshly excised bronchial
specimens. Both normal and CF epithelia absorbed
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Johns Hopkins University fluid, and normal and CF ASL did not differ in fluid osmo-
School of Medicine lality or in Na1 and Cl2 concentrations. The major differ-
Baltimore, Maryland 21205 ences between normal and CF epithelia were in the
volume of fluid absorbed and in mucociliary clearance.
Twenty-four hours after 50 ml of saline was placed on
the cells, the depth of fluid on the normal cultures wasIntroduction
18 mm, but was only 6.0 mm for CF cultures. The heightThe human airway has two aqueous layers that are vital
of the surface liquid in CF cultures was reduced to thefor normal lung function. A mucous layer traps inhaled
level of the outstretched cilia, dramatically impairingbacteria and foreign particles. A thin layer of airway
mucus transport such that mucus accumulated in sta-surface fluid (ASL) lines the epithelial surface, providing
tionary ªplaque-like masses.º This effect was reversible:a microenvironment that enables cilia to clear mucus
simply adding more fluid onto the surface of the culturesfrom the airway. Cystic fibrosis (CF) is a disease associ-
restored mucus transport. These results suggest that aated in part with impaired mucociliary clearance, abnor-
major defect in CF is underhydration of the airways,mally thick mucus, chronic infections, and inflammation
leading to impaired mucociliary clearance and thickenedin the lung. The lungs of healthy individuals are free from
mucus.bacterial infection, whereas the lungs of CF patients are
The Salt Hypothesischronically infected by bacteria such as Staphylococcus
To study the susceptibility of CF airways to infection,aureus and Pseudomonas aeruginosa, which can de-
Welsh and colleagues (Smith et al., 1996) inoculated P.stroy the lungs (reviewed by Rosenstein, 1998). Re-
aeruginosa onto the apical surface of primary culturescently, two groups have proposed opposing theories
of human airway epithelial cells. Surprisingly, the normalregarding the role of lung hydration versus salt concen-
epithelia remained viable and uninfected, whereas thetration in normal airway defense and in causing in-
CF epithelia became colonized. When diluted with wa-creased bacterial infections in CF patients. The goals
ter, ASL from CF epithelia killed P. aeruginosa. Theseof this review are to evaluate the two theories and to
results suggest that a natural bactericidal factor is pres-attempt to resolve these seemingly contradictory re-
ent in normal and CF ASL, but it is inactivated by highsults.
Secretory Model of CF salt in CF epithelia. They then measured ASL ion compo-
Cl2 transport is a key component of overall salt transport sition from cultured airway cells (Zabner et al., 1998). In
(reviewed by Devidas and Guggino, 1997) in the lung normal epithelial cultures, the ASL Na1 and Cl2 concen-
and other tissues (Figure 1). The cystic fibrosis trans- trations were about 50 and 37 mM, respectively. In CF
membrane regulator (CFTR) is a cAMP-regulated Cl2 ASL, the Na1 and Cl2 concentrations were about 100
channel that is defective in CF (Riordan et al., 1989). The and 90 mM, respectively. In contrast to the data of Bou-
impaired mucociliary clearance and chronic bacterial cher and colleagues, non-CF and CF epithelia main-
infections in CF patients have been attributed to under- tained the same depth of fluid, approximately 20 mm.
hydration of the airways. Since salt movements estab-
lish the osmotic driving forces for water movement, it
is logical to propose that controlling the movement of
Cl2 is critical to the generation and maintenance of ASL.
Thus, one hypothesis to explain why airway mucus is
very thick in CF patients is that, due to a defect in CFTR,
there is less fluid secreted onto the airway surface epi-
thelium. Likewise, a lack of fluid in the submucosal
gland, where the mucus is produced, would result in
underhydrated mucus.
The Hydration Hypothesis
Boucher and collaborators hypothesize that the amount
of ASL is a result of the balance between the amounts Figure 1. Secretion of NaCl
of fluid secreted and absorbed by the epithelium (see Fluid secretion depends on CFTR in the apical membrane of airway
Boucher, 1994). The hydration hypothesis posits that in epithelial cells. A triple cotransporter moves Na1, K1, and Cl2 from
CF, ASL is deficient for two reasons (Figure 2, top). First, the basal fluid compartment into the cell (Liedtke, 1989). The com-
bined actions of ATP-driven Na1/K1 pumps and K1 channels in thea lack of CFTR function causes a lack of fluid produc-
basolateral cell membrane (not shown) recycle Na1 and K1 out oftion. Second, enhanced Na1 absorption through ENaC
the cell. Cl2 is secreted into the lumen via CFTR. Na1 transport intocauses increased fluid absorption. The combination of
the lumen occurs via the paracellular pathway between adjacent
these effects would lead to a dryer than normal airway cells. Secretion of NaCl drives water into the lumen through water
with impaired ciliary movement. According to this hy- channels in the apical cell membrane. In normal airway cells, the
pothesis, CF airways are underhydrated, but normal and activity of apical epithelial Na1 channels (ENaC) is inhibited by CFTR.
Major arrows depict the direction of transport.CF ASL salt concentrations are similar.
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different transport properties. The rate of fluid absorp-
tion in normal airway epithelia grown by Boucher and
collaborators (Matsui et al., 1998) was about 0.5
ml´cm22´hr21 and the transepithelial resistance was .300
V´cm2. In the hydration model (Figure 2, top), transepi-
thelial movement of Na1 drives fluid absorption. Thus,
enhanced ENaC activity due to defective CFTR would
result in enhanced fluid absorption. In CF, Cl2 must be
absorbed either via the paracellular pathway or through
transcellular transporters other than CFTR. In CF, en-
hanced fluid absorption reduces the height of the ASL
below that of normal ASL. Because the epithelium can
transport large amounts of water, fluid would be ab-
sorbed in both normal and CF airways without a change
in osmolality.
The salt model proposed by Welsh and collaborators
predicts an entirely different situation (Figure 2, bottom).
Fluid absorption by normal airway epithelium grown by
Welsh and collaborators (Zabner et al., 1998) is about
8 ml´cm22´hr21, 16 times higher than that measured by
Boucher and colleagues. Moreover, the transepithelial
resistance is .500 V´cm2, greater than reported by the
Boucher group. Higher transepithelial resistance indi-
cates that the epithelium develops electrically tighter
junctions between the cells. Because of the tighter junc-
tion between the cells, at high rates of transport, normal
fluid and salt absorption would depend both on Cl2
movement in the transcellular pathway via CFTR and
the paracellular pathway (Figure 2, bottom). Welsh and
collaborators have shown that when Na1 channel activ-
ity is high, normal epithelia absorb salt and liquid at
greater rates than CF epithelia. In contrast, when CFTR
is defective, there is only one Cl2 transport pathway,
and the ability to absorb salt is reduced.
Composition of Airway Fluid In Vivo
Which model faithfully reproduces the properties of the
Figure 2. Absorption of NaCl
in vivo airway? One way to resolve the controvery might
(Top) The hydration model. The work of Boucher and colleagues
be to evaluate the in vivo ASL composition. However,predicts that Na1 absorption is controlled by, but does not depend
measurements of ASL composition in vivo vary consid-on, CFTR. In normal airway epithelia, ENaC activity is reduced in
erably, especially in CF, and only offer a partial resolu-the presence of CFTR. Thus, in CF airway cells, Na1 transport is
elevated and Cl2 reabsorption is mostly via the paracellular pathway. tion of the controversy.
Fluid absorption across the airway epithelium, from apical to baso- Knowles et al. (1997) did not detect any differences
lateral, would be enhanced in CF, resulting in drier airways. in ASL composition between CF and normal airways
(Bottom) The salt model. In the salt model of Welsh and collabora-
and concluded that surface airway epithelial cells dotors, Na1 channels and CFTR drive fluid absorption. The salt hypoth-
not absorb salt in excess of water. They reported thatesis predicts that with large amounts of fluid on the airway surface,
the ASL osmolality is less than plasma and providedsalt and water are absorbed, but when most of the fluid is absorbed,
leaving only a tiny amount on the surface, the epithelium is able to evidence that the source of the hypotonic ASL is the
reduce salt concentrations below that of plasma. In normal epithelia submucosal gland. The submucosal gland secretes an
when the epithelium is absorbing fluid at a high rate, Na1 absorption approximately isotonic fluid at the base of the gland.
is via apical Na1 channels and Cl2 absorption is both paracellular
The fluid then passes through the gland duct where saltand transcellular via CFTR. However, in the absence of a functioning
is absorbed in excess of water (Figure 3, top). DuctalCFTR in CF, fluid absorption is reduced. Because the apical cell
fluid with a reduced salt concentration mixes with fluidmembrane is impermeable to Cl2 in CF, residual Cl2 absorption
must be via the paracellular pathway. on the surface of the human airway epithelium. This
Major arrows depict the direction of transport. creates an ASL influenced both by the surface epithelial
cells that transport an isosmotic solution and glandular
epithelial cells that generate a hypotonic solution. In
These data suggest that the major defect in CF is not contrast, other groups have results that are in agreement
underhydration but increased salt concentration. with the measurements obtained by Welsh and collabo-
Different Models of Fluid and Salt Transport rators. For example, Gilljam et al. (1989) found that the
in Normal and CF Airways Cl2 concentration of CF ASL is higher than normal.
The two groups grew human cells isolated from the There are at least two reasons for these observed
same area in the lung; however, their biopsies and cul- differences in ASL composition. First, the small amount
of fluid in the airways makes sampling difficult and proneture conditions produced epithelia with fundamentally
Minireview
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Since freshly isolated airway epithelia have transepithe-
lial resistances of approximately 100±200 V´cm2 (Bou-
cher, 1994), the epithelia cultured by Boucher and col-
laborators and the experimental conditions of their
measurements may mimic the surface epithelium more
closely than the epithelia cultured by Welsh and col-
leagues. Curiously, CFTR is expressed at low levels
throughout most of the airway (Engelhardt et al., 1992)
except in some regions of the submucosal gland where
CFTR is more highly expressed. In the salt model (Figure
2, bottom), salt transport depends on CFTR. Therefore,
in this model, higher CFTR expression in the duct of the
submucosal gland may suggest that this site has high
absorptive rates. Thus, in contrast to the cultures of
Boucher and colleagues, the epithelia cultured by Welsh
and colleagues may closely mimic the submucosal duc-
tal epithelium.
The salt model predicts that the human airway has
the ability to restrict the water absorption while salt is
absorbed. Typically, epithelia with low water permeabil-
ity transport salt in excess of water, whereas those with
high permeability transport fluid isotonically (Nielsen etFigure 3. Salt and Fluid Balance in the Lung
al., 1996). Estimates of water permeability of cultured
(Top) Model of salt and fluid transport in the normal lung. The mecha-
airway cells suggest that the airway epithelium is perme-nism of salt transport may vary among the different regions in lung.
able to water (Farinas et al., 1997). If we assume thatIsotonic salt secretion may occur at the initial portions of the submu-
cosal gland. In the duct of the submucosal gland, salt may be ab- the normal epithelial cultures grown by Welsh and col-
sorbed in excess of water. This model would explain why surface laborators are permeable to water, how can their cells
fluid becomes hypotonic when secretion by the submucosal gland generate an ionic gradient? Widdicombe has suggested
is stimulated. Isotonic absorption could occur in certain parts of the that at the air±water interface capillary forces, produced
surface epithelium.
either by the closely packed cilia on the surface or an(Bottom) Model of salt and fluid transport in the CF lung. A lack of
apical mucous gel, could retain water (Widdicombe andCFTR would result in underhydrated mucus. A lack of salt absorption
by the submucosal gland could explain the higher than normal salt Widdicombe, 1995) while salt is absorbed. If this is the
concentration that some investigators measure in ASL in the CF case, then when a large amount of fluid is placed onto
lung. Finally, hyperabsorption of the surface fluid transport would the surface of the airway cultures, isotonic absorption
reduce the amount of ASL, seriously compromising mucociliary of fluid would occur until the overall fluid layer reached
clearance.
the height of the cilia. Within the thin fluid film thatMajor arrows depict the direction of transport.
develops, salt transport continues but water is retained
by the capillary action of the cilia. The overall effect
to errors in measurement. Second, the lung is not homo- would be reduced osmolality of the periciliary fluid.
geneous. Differences in fluid production occur in the Another suggested mechanism is that while salt is
various regions of the lung. Some regions of the lung are absorbed, another molecule such as a large organic
involved in fluid production and others, fluid absorption. solute or an amino acid is secreted. In this model, the
Thus, ASL, measured by sampling the upper airway sur- overall osmolality of apical and basolateral solutions
face, is likely to be a mixture of fluids originating from would be isotonic but another solute would replace the
the submucosal glands and the more distal airways. The extra salt absorbed. Boucher and colleagues (Matsui et
composition of this mixture is likely to vary depending al., 1998) tested whether ªsurface forcesº could develop
on the metabolic state of the individual at the time of when ASL is present as a thin film on the surface of
measurement. airway epithelia. They showed that with mucus covering
Resolving the Controversy: Impact the cilia of their cultured epithelia, there is no possibility
on Understanding Bacterial of air/liquid menisci being formed between outstretched
Infection in CF cilia. They also did not find evidence for the secretion
How could these two outstanding groups of CF re- of large solutes to replace the salt absorbed by the
searchers arrive at such fundamentally different results? epithelium. If surface forces are not involved then a
I would contend that both groups are correctly as- simple explanation is that water permeability of the epi-
sessing the transport properties of their cultured epithe- thelium in vivo may not be uniform throughout the lung.
lia. Both groups agree that when large amounts of fluid Areas capable of restricting transepithelial water trans-
are placed onto the surface of cultured epithelia, salt port (low water permeability) may exist. If, in these par-
and fluid are absorbed. The differences occur after the ticular regions, the Na1 absorption rates are high enough
bulk of the fluid is absorbed, leaving a thin film of fluid and the water permeability is low enough to provide a
at the air±water interface. It is the composition of this barrier to water movement, then salt would be absorbed
fluid that is the source of controversy. in excess of water, allowing the epithelium to sustain
Differences in the properties of the epithelia cultured salt gradients. This would be a simple explanation for
how the submucosal gland can produce fluids that haveby the two groups may explain the different results.
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less salt than plasma. A better understanding of regional only partially reproduced in experimental systems. The
differences in water permeability will help to resolve this two different models of salt and water transport lead to
point. very different conclusions regarding therapies for CF.
Bacterial Infections in CF The hydration model suggests that to treat the respira-
Two critical questions are, how does the normal airway tory problems of CF patients, more lung fluid is needed,
defend itself against bacterial colonization? and why whereas the salt model suggests that it is important to
are CF patients susceptible to chronic lung infections? correct a salt imbalance in the airway. Thus, the resolu-
Some defensin molecules in the airway are effective at tion of this controversy will ultimately enhance our
killing bacteria only when the ASL salt concentration is knowledge of the basic mechanisms of epithelial salt
low (Smith et al., 1996). However, other defensin mole- and fluid transport in the airway and add to a more
cules in the airway can kill bacteria at higher salt concen- complete understanding of why the CF airway is chroni-
trations (Ko et al., 1997; Singh et al., 1998). In normal cally infected. This will certainly be an important exam-
airways, it is possible that during episodes of bacterial ple of how basic research can help patients.
infection, enhanced fluid production by the submucosal
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Many controversies in CF research stem from seem-
ingly disparate results from high-quality laboratories
(see Devidas and Guggino, 1997). Often, disparate re-
sults are obtained because biological processes are
